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Pexicrine effects of basement membrane components on paracrine
signaling by renal tubular cells. Paracrine interactions between tubular
epithelium and interstitial cells have been assumed to be mediated largely
by soluble cytokines. While the role of extracellular matrix (ECM) and
matrix metalloproteinases (MMPs) in modifying cell function is widely
appreciated, the role of the renal tubular basement membrane in modu-
lation of tubulointerstitial function has not been studied. To establish
whether those components of the ECM which support tubular epithelial
cells also influence cell function (that is, a pexicrine effect), we studied
their effects on paracrine signaling between epithelium and fibroblasts.
Primary cultures of rat renal proximal tubular epithelial cells (PTE) were
cultured on laminin (LN), collagen types -IV and -I (COL-IV, COL-I) and
fibronectin (FN). PTE attained confluence more rapidly when grown on
LN = COL-IV > COL-1 = FN = plastic. On all substrates PTE produced
the MMPs, gelatinase-A and -B and collagenase with an apparent increase
in gelatinase-A and -B production when cultured on LN. MMPs were
found to be secreted both apically and basally with basal secretion
predominating, except on LN where secretion was primarily from the
apical surface. Cultures of rat renal cortical interstitial fibroblasts were
established and characterized. Cortical fibroblasts (CF) were found to
secrete gelatinase-A and collagenase. Conditioned medium (CM) from
PTE cultured on COL-IV stimulated proliferation of CF but proliferation
was unaltered by CM from PTE grown on other substrates. By contrast,
co-culture of PTE on LN with CF suppressed collagenase and gelatinase
activity in both cell types, indicating a hi-directional, paracrine modulation
of MMP production. Thus in the tubulointerstitium, the BM components
LN and COL-IV not only fulfill a structural role but act as signaling
molecules with differential effects which modify the function of the tubular
epithelium and its paracrine interaction with adjacent fibroblasts. The
initiation of interstitial fibrosis induced by injury to the tubular basement
membrane may reside in the perturbation of this interaction.
Recent reports suggest that tubulointerstitial rather than
glomerular histological changes predict prognosis in a variety
of progressive human renal diseases [1—3]. Changes in the
tubulointerstitial compartment include expansion of tubular
epithelial cell basement membrane (BM), accumulation of
extracellular matrix (ECM) in the interstitium, interstitial cell
proliferation, expression of cs-smooth muscle actin (SMA) by
the resident fibroblasts and infiltration of macrophages and
lymphocytes. The juxtaposition of areas of tubular injury and
atrophy with areas of fibrosis has led to the hypothesis that
tubular epithelial cells produce factors which modulate the
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biological behavior of fibroblasts [4, 5]. For example, previous
studies have indicated that platelet-derived growth factor
(PDGF), a potent mitogen for cells of mesenchymal origin, is
produced by renal tubular epithelial cells and plays a role in the
paracrine interaction between rabbit inner medullary collecting
duct epithelial cells (IMCDE) and papillary fibroblasts (PF)
[4]. Tubular epithelial cells have been reported to produce, and
express receptors for, a variety of other cytokines and growth
factors [6], raising the possibility of many such paracrine loops
in the kidney.
It is becoming increasingly apparent that, in addition to soluble
growth factors, components of the ECM, previously believed to
serve a largely structural function, have a dynamic role in regu-
lating cell behavior [7]. For example, in the kidney, spatial
organization of the ECM modulates the expression of PDGF-
receptor subunits in mesangial cells [8], while laminin appears to
be a major regulator of renal tubular regeneration following injury
[9] and also facilitates tubulogenesis and branching in a model of
tubule formation [10].
Given the importance of ECM in regulating cell function
("pexicrine" effects) it follows that factors, such as the matrix-
degrading enzymes, that alter the ECM also play an important
role in modulating cell function. These factors form an addi-
tional class of adjunct signaling molecules that have not been
previously been considered in the context of interactions
between different cell types. The enzymes primarily responsible
for regulation of ECM and basement membrane remodeling
are the matrix metalloproteinases (MMP5) [11]. The patterns
of expression of MMPs in various tissues and cell types have
been examined in detail and, in terms of the kidney, a number
of studies have shown that whole tissue mRNA levels for
MMPs and their specific inhibitors, the TIMPs, are altered in
models of interstitial fibrosis [12—15] and patterns of expression
of MMPs from various tissues and cell types have been
determined [16]. However, with the exception of some data
pertaining to the glomerulus [17], there is very little informa-
tion on the localization, expression and regulation of these
enzymes in other renal cells.
Since the tubular basement membrane provides a physical
bridge between epithelial cells and subjacent fibroblasts, the
present study was undertaken to examine the hypothesis that
components of the BM regulate tubular epithelial cell function
(proliferation and MMP expression) and thereby modulate para-
crine signaling between these cells and adjacent fibroblasts.
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Methods
Cell culture
Proximal tubular epithelium (PTE). Cells were isolated using
previously described modifications [18] of the method of Vinay,
Gougoux and Lemieux [19]. This method yields cells that have
been very well characterized as being of proximal origin (90% or
greater) [18, 19]. Male Sprague-Dawley rats (150 to 250 g body
wt) were sacrified, kidneys removed under sterile conditions and
placed in phosphate buffered saline (PBS) on ice. Kidneys were
decapsulated, bisected and the medulla carefully removed. Corti-
cal tissue was then finely minced using a sterile razor blade. The
minced tissue was washed three times in PBS with gentle agitation
and centrifugation at 250 X g, 4°C for five minutes. The final
pellet was resuspended in 15 ml DME/Hams F12 (1:1) with
L-glutamine (2.5 mM) and 15 mvt HEPES (Gibco BRL, Life
Technologies Ltd., Paisley, Renfrewshire, Scotland, UK) contain-
ing 1 mg/mI collagenase (Class II, Worthington, Lorne Laborato-
ries, Twyford, Reading, Berkshire, UK) and incubated at 37°C for
20 minutes with constant agitation.
An equal volume of medium ("complete medium") containing
10% fetal calf serum (FCS), penicillin (100 lU/mI), streptomycin
(100 jtg/ml) and amphotericin B (0.25 ig/ml) (all reagents from
Gibco BRL except antibiotic/antimycotic from Sigma Chemical
Company Ltd., Poole, Dorset, UK) was added and the suspension
was filtered through a 63 m wire mesh cell strainer to remove the
glomeruli (the rat glomerulus is approximately 120 tm in diam-
eter). The filtrate was washed and centrifuged three times at 250
X g, 4°C for five minutes.
Proximal tubular (PT) fragments were isolated by Percoll
centrifugation. The heterogeneous mixture of renal tubular frag-
ments was resuspended in 50% Percoll (Sigma Chemical Com-
pany Ltd.) and 50% culture medium. To ensure isosmotic condi-
tions, 600 jd of 5 M NaCI was added to 20 ml of Percoll. The
tubular fragments were centrifuged at 20,000 to 30,000 X g at 4°C
for 30 minutes. This procedure separated the tissue into four
distinct bands. The lowest has been shown to be enriched for PT
fragments [19] and this band was carefully collected. The PT
fragments were washed twice in PBS then once in "complete
medium", re-suspended in "complete medium" and plated at 3 X
i0 — 1 x io fragments/cm2 in 24-well plates, 75 cm2 flasks or
onto 6.4 mm diameter, 3 m pore size permeable polyethylene
terephthalate membrane cell-culture inserts that had been coated
with collagen IV or laminin (Collaborative Biomedical Products,
Universal Biologicals Ltd., Wandsworth, London, UK). The yield
was 2 to 7 X i0' fragments per four kidneys depending on the
body wt of the rat. Following attachment of the fragments,
epithelial cells grew out and experiments were performed when
the cells appeared confluent (5 to 10 days depending upon plating
density and substrate). Cells were characterized as epithelial on
the basis of morphological, biochemical and immunocytochemical
criteria (see below).
Cortical interstitial fibroblasts (CF). Tubular fragments obtained
as above by passage through a 63 im sieve were incubated in
tissue culture medium (DME/Hams F12 (1:1) with L-glutamine
and 15 mrvi HEPES; Gibco BRL) containing I mg/ml collagenase
(Class II, Worthington) and agitated at 37°C until a suspension of
single cells or small clumps of cells was obtained (approximately
2 hr). The suspension was diluted in 2 volumes of "complete
medium" (DME/Hams F12 (1:1) with L-glutamine and 15 mM
HEPES plus 10% fetal calf serum (FCS), penicillin (100 IU/ml),
streptomycin (100 tg/ml) and amphotericin B (0.25 g/ml) (all
reagents from Gibco BRL except antibiotic/antimycotic from
Sigma Chemical Company Ltd.) and centrifuged at 250 X g for
five minutes. The pellet was washed twice in "complete medium"
and plated in 75 cm2 flasks at 2 X 106 cells per flask. Cells were
serially passaged and experiments were performed at P2. The
initial cultures (P0) contained a mixture of epithelial cells and
fibroblasts. The proportion of epithelial cells decreased after the
first passage and by P2 no epithelial cells could be detected. Cells
were defined as fibroblastic on the basis of morphological and
immunocytochemical criteria.
Characterization of cells
Immunocytochemistiy. Primary cultures of PTE and CF at P2
were plated in 8-chamber slides (Nunc, Life Technologies, Pais-
ley, Scotland, UK). Confluent cultures were washed twice with
PBS, fixed in cold (—20°C) methanol for three minutes at —20°C,
washed three times in PBS and stored at 4°C in PBS prior to
staining. Slides were incubated in 0.3% H202 in methanol to block
endogenous peroxidase activity, rinsed twice in PBS and non-
specific binding was blocked with non-antigenic serum. The cells
were then incubated with individual primary antibodies diluted in
PBS + 2.5% BSA for 45 minutes at ambient temperature (unless
stated, all antibodies obtained from Sigma Chemical Company
Ltd.): anti-cytokeratin (anti-pan cytokeratin; 1:100/Cam 5.2;
1:100; Boehringer Mannheim UK, Lewes, East Sussex, UK),
anti-vimentin (clone Vim 3B4; 1:250; Boehringer Mannheim UK),
anti-a-smooth muscle actin (1:1000) or anti-desmin (1:100). Cells
were subsequently incubated with biotinylated secondary antibody
and the avidin-biotin complex visualized using AEC as a chromo-
gen (Vectastain Elite ABC kit and AEC Substrate kit, Vector
Laboratories, Peterborough, UK).
Assay for alkaline phosphatase. Primary cultures of confluent
PTE were washed twice with PBS, fixed in 4% paraformaldehyde
in PBS+ (0.9 mtvi Ca2 and 0.5 mivi Mg2) for five minutes,
washed twice in PBS and stored at 4°C in PBS prior to treatment.
Fixed cells were incubated in 150 .tg/ml BCIP, 300 .tg/mI NBT in
100 mM Tris pH 9.5, 100 mrvi NaC1, 5 mivi MgCl2 at ambient
temperature in the dark overnight or until a purple color had
developed.
Cell proliferation assay
Cells were plated in "complete medium" for 48 hours to allow
adhesion to the substrate and recovery from trypsinization, and
then made quiescent by the addition of T-medium [DME/Hams
F12 (1:1) with L-glutamine and 15 mi HEPES containing trans-
ferrin (5 g/ml) (Sigma) with penicillin (100 IU/ml), streptomycin
(100 .rg/ml) and amphotericin B (0.25 g/ml) (Gibco BRL)] for
48 hours. Fresh T-medium containing the test factor or medium of
interest was added and the cells incubated for a further 24 hours.
Three hours prior to harvesting, 2 1.tCi 3H-thymidine (3H-TdR;
Amersham International PLC, Little Chalfont, Buckinghamshire,
UK)/well was added to the cultures. Cells were washed with PBS
and cell protein and DNA were precipitated with 10% TCA. This
precipitate was solubilized in 0.5 M NaOH, aliquots added to
Ecoscint scintillation fluid and counted in a n-counter. Data are
expressed as disintegrations per minute (dpm) per well.
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Co-culture of tubular epithelial cells and interstitial fibroblasts
Quiescent PTE on collagen IV or laminin coated membrane
inserts were placed over quiescent fibroblasts. Epithelial cells
grown on plastic or on inserts in the absence of fibroblasts, and
fibroblasts grown on plastic without epithelial cell inserts were
used as controls. Cells were co-cultured for 24 hours and the
medium collected from both the apical and basal chambers of the
epithelial cells. 3H-TdR incorporation was measured in the fibro-
blasts.
Effect of epithelial cell conditioned medium (CM) on
fibroblast proliferation
Quiescent PTE on collagen IV or laminin coated and uncoated
tissue culture flasks were incubated in fresh T-medium for 48
hours. The medium was collected, clarified by centrifugation and
stored at —20°C. Conditioned medium was assayed at 1:3 dilu-
tions, using T-medium as the diluent. Quiescent CF were incu-
bated in PTE-conditioned media for 24 hours, and 3H-TdR
incorporation was measured.
Gelatin substrate gel zymography
Gelatinases were visualized by zymography. The protein con-
centration of serum-free CM from PTE and CF was determined
using the Bradford method and equal amounts of protein were
electrophoresed per sample. The samples were subjected to
SDS-PAGE under non-denaturing conditions through a 4% poly-
acrylamide stacking gel and in a 10% separating gel containing
0.1% gelatin (BDH Laboratory Supplies). Following electro-
phoresis the gel was washed twice with 2.5% Triton X-100 and
rinsed with distilled H20. The gel was incubated overnight in 50
mM Tris-HCI, pH 7.5, 5 mi CaCl2, 200 m'vi NaCl2 (pH 7.5) and
stained in 0.5% Coomassie brilliant blue G-250 dissolved in 30%
methanol/10% acetic acid. Gels were destained in 30% methanol!
10% acetic acid and gelatinase enzymes were visualized as cleared
areas against the blue background of the gelatin gel. Two major
bands of activity were generally observed, each comprising a
doublet, at 66 to 68 kD representing gelatinase A, and 86 to 88 kD
representing gelatinase B. In each case, the upper band of the
doublet indicated inactive enzyme produced by cells and subse-
quently activated by the presence of SDS in the sample buffer and
gel, while the lower band represented active enzyme produced by
the cells [20]. Initially CM samples were electrophoresed without
any concentration, but if any samples tested did not produce
visible bands on the gel, they were concentrated 10- to 100-fold
using Microcon (for samples up to 500 pA), Centricon (samples of
up to 2 ml) or Centiprep concentrators (samples over 2 ml; 3,000
molecular wt cut-off; Amicon Ltd., Stonehouse, Gloucestershire,
UK). Parallel samples were electrophoresed through a standard
SDS-PAGE gel, which were subsequently silver-stained to ensure
equal loading and to examine the 1D protein profile of the various
media.
Assay for interstitial collagenase
Collagenase was assayed using a method described by NEN-
Dupont. Briefly, 3H-collagen (0.2 jtCi; NEN-Dupont (UK) Ltd.,
Stevenage, Hertfordshire, UK) was added to 20 mvi Tris-HCI, pH
7.6, 5 mrvi CaCl2 buffer solution and left for two hours at 37°C to
facilitate the formation of collagen fibrils. Samples of CM (con-
taining equivalent amounts of protein) were added to the 3H-
Table 1. Confirmation of identity of cultured cells by various criteria
Criteria
Cell type
CF PTE
Light microscopy Spindle-like
cytoplasmic extensions
Presence of cells with
recognisable differentiation
morphof ogles
"Cobblestone"
morphology
Tightly opposed
cellular junctions
ALP — +++
Antibodies against:
vimentin + + —
a-sma +++
cytokeratin — ++
The degree of alkaline phosphatase activity (ALP) in cortical fibroblasts
(CF) and proximal tubular epithelial cells (PTE) is indicated from none
(—) to strong (+ ++) positive. The degree of antibody staining was also
indicated in the same way. a-sma, a-smooth muscle actin.
collagen fibrils and incubated at 37°C for 24 hours. The samples
were centrifuged at 12,000 x g for 10 minutes at 4°C to pellet any
remaining collagen fibrils and the radioactivity in an aliquot of the
supernatant (representing digested collagen) was determined.
The data from all experiments were standardized to the collage-
nase production by PTE cultured on plastic alone as these cells
always produced the lowest amount of collagenase in any exper-
iment. The data are presented as % digestion of collagen fibrils.
Statistical analysis
Mean values were compared using a paired Student's t-test.
Results
Characterization of rat renal cell cultures
Proximal tubular epithelial cells. These cells were isolated ac-
cording to the methods of Pollock and Field [18] and Vinay et al
[19], the characterization of which has been extensive. These cells
are reported as being proximal tubular epithelial in nature (90%
or greater) by a wide range of biochemical and immunocytochem-
ical indicies including demonstration of p-aminohippurate (PAH)
transport, selective effect of parathyroid hormone (PTH) on
cellular cAMP, enrichment of gluconeogenic mechanisms (includ-
ing the presence of Nat-glucose transporters), possession of
alkaline phosphatase enzyme activity, cytokeratin expression and
distinct epithelial "cobblestone" morphology [18—20]. We there-
fore selected markers to confirm the identity of the cells and this
information is described below and summarized in Table 1.
(a) Morphology. Cells presented a cobblestone appearance with
tightly opposed cell margins (Fig. 1A). No gross alterations in
morphology were apparent when cells were cultured on collagen
IV (COL-IV), collagen I (COL-I), laminin (LN) or fibronectin
(FN); however, cells reached confluence more rapidly when
cultured on LN = COL-IV > COL-I = FN = plastic. Further-
more, cells cultured on LN and COL-IV incorporated 3H-thymi-
dine into DNA to a greater extent than those cultured on plastic
[3.8 0.7 (LN) and 5.3 1.5 (COL-IV) dpm!weIl respectively,
compared with 1.0 0.4 X i0 (plastic) (P < 0.05)].
(b) Immunocytochemistiy. Cells were stained with the antibod-
ies listed in the Methods section and were positive for cytokeratin
and negative for vimentin, desmin and a-smooth muscle actin.
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a specific marker of PTE cells [20]. Over 90% of the cells stained
purple indicating a population enriched for PTE.
Cortical fibroblasts. (a) Morphology. Primary preparations con-
tained both epithelial and fibroblastic cells but by the second
passage (P2) all cells appeared fibroblastic (Fig. 1 B, C). The cells
initially appeared elongated with spindly projections but by P4
became large and flattened [21—25]. At P2, varying differentiation
morphologies were present in the cultures including both pre- and
post-mitotic cells, although the former predominated [21, 23, 25].
The cells did not form the "pavement" of cells characteristic of
epithelial cells or the "hills and valleys" characteristic of mesang-
ial cells. Unlike the latter cell-type, the mitotic life-span of CF was
only three to four passages due to the differentiation of the cells
in the cultures to a post-mitotic, fully differentiated phenotype.
(b) Immunocytochemistiy. Cells were stained with the antibod-
ies listed in the Methods section. The cells were positive for
vimentin, indicating that the cells were of mesodermal origin, but
were negative for cytokeratin and desmin (a marker of glomerular
mesangial cells both in vivo and in vitro [26]). All cells showed
intense staining with an a-smooth muscle actin antibody.
Expression of MMPs (gelatinase-A and -B and collagenase) by rat
renal cells in culture
Production of MMPs by PTE. Media conditioned by PTE on
plastic secreted gelatinolytic activities at sizes corresponding to
gelatinase-A and gelatinase-B (Fig. 2, lane 2). Samples were also
electrophoresed through a gel containing /3-casein to measure
stromelysin activity, but no zones of activity were observed,
suggesting that stromelysin production by these cells was either
absent or below the resolution of this method (data not shown).
When PTE were cultured on semipermeable inserts allowing
polarization of the cultured cells, gelatinase enzymes were pro-
duced both apically and basally. Culture of PTE on inserts coated
with different individual ECM components revealed that cells on
FN (Fig. 2, lanes 3 and 4), COL-IV (Fig. 2, lanes 5 and 6) and
COL-I (data not shown) produced both gelatinase-A and -B
apically and basally. Culture on the main components of basement
membrane (COL-IV and LN) increased the production of these
enzymes when compared to cells grown on plastic (Fig. 2, lane 2).
Culture on LN stimulated the largest increase in gelatinase-A and
-B production (Fig. 2, lanes 7 and 8). Cells on LN also secreted
enzymes predominantly in the apical direction (Fig. 2, lane 7)
compared to the pattern produced by the cells on the other
substrates.
PTE grown on all substrates secreted collagenolytic activity
(Table 2). As with gelatinase-A and -B, culture of cells on inserts
coated with ECM components increased total collagenase activity
compared with cells cultured on plastic. This activity appeared
both apically and basally. Cells cultured on LN secreted collage-
nase activity predominantly in the apical direction whereas colla-
genase production from cells cultured on COL-IV, FN and COL-I
was either equal basally and apically or basal secretion predomi-
Fig. 1. Photomicrographs of a confluent monolayer of (i) (A) proximal nated (Table 2). Silver-staining of CM following SDS-PAGE
tubular epithelial cells (X150 magnification); (ii) (B and C) cortical showed no consistent or major differences in protein profile (data
flbroblasts at passage 2 (X150 magnification). not shown).
Production of MMPs by cortical flbroblasts (CF). Cortical fibro-
(c) Alkaline phosphatase activity. Following treatment with blasts cultured on plastic secreted predominantly the latent form
NBT/BCIP, primary cultures of PTE showed extensive purple of gelatinase-A although some active enzyme was present (Fig. 2,
staining indicating the presence of alkaline phosphatase enzyme, lane 1). The gelatinase-B enzyme was either absent or present at
1 2 3 4 5 6 7 8
Plastic Plastic Fibronectin Collagen IV Laminin
Apical Basal Apical Basal Apical Basal
CF Proximal tubular epithelium
Gel-B
—Inactive
Gel-A —Active
52 Lewis et al: ECM in renal tubulointerstitial interaction
Fig. 2. Gelatin SDS-substrate gel zymography to show the profile of gelatinases secreted by proximal tubular epithelial cells (PTE) and cortical fibroblasts (CF)
into serum-free medium. CM was derived from CF cultured on plastic tissue culture plates (lane 1); from PTE cultured on plastic tissue culture plates
(lane 2); from the apical (lane 3) and basal (lane 4) sides of cells cultured on libronectin-coated membrane inserts; from the apical (lane 5) and basal
(lane 6) sides of cells cultured on collagen IV membrane inserts; from the apical (lane 7) and basal (lane 8) sides of cells cultured on laminin-coated
membrane inserts. CM containing 1 g of protein was loaded per lane.
Table 2. Collagenase production by PTE cultured on different ECM components and by CF
Plastic LN COL-IV FN COL-I
PTE 100 12.73 Apical
Basal
340 12.35
140 5.29
319 6.52
297 39.60
255 76.47
354 11.18
59 11.76
138 2.94
CF 218 40.59
Data are standardised to PTE on plastic and are expressed as a %. All data are means SEM from 3 experiments (LN = laminin, COL-IV =
collagen-TV, FN = fibronectin, COL-I = collagen-I).
very low levels. This pattern of expression was not dependent
upon passage number (P1—P4). As with PTE, electrophoresis of
samples through -casein gels did not reveal any stromelysin
activity.
Effect of laminin and collagen-IVon PTE-stimulated cortical
fibroblast (CF) proliferation
Incorporation of 3H-TdR by CF cultured on plastic was stimu-
late when cells were treated with CM from PTE grown on
COL-IV (Fig. 3A). This effect was not seen reproducibly with CM
from PTE on LN, the other major component of BM (Fig. 3A).
CM from PTE cultured on plastic appeared to inhibit CF prolif-
eration, an effect that may be due to the poor growth of PTE cells
when cultured on plastic (see above). The mitogenic effect of PTE
on CF was also seen when PTE cultured on inserts coated with
COL-IV were co-cultured with CF (Fig. 3B), with the amount of
stimulation being remarkably similar to that produced in the CM
experiments (376% of control for CM experiments compared with
361% for co-culture experiments). Co-culture of PTE on LN with
CF also revealed a slight stimulation of fibroblast proliferation
(Fig. 3B), although this stimulation was not apparent with CM
from PTE on LN. To confirm that thymidine incorporation was a
marker of cell proliferation (increased cell numbers), cells were
counted using a haemocytometer. After treatment with CM from
PTE cultured on COL-IV, cell numbers were observed to increase
when compared to control cells (2.00 X 106 in treated cultures as
compared with 1.145 X 106 in control cultures).
Effect of laminin and collagen-IVon MMP production in
co-cultures of PTE and CF
PTE grown on inserts coated with either COL-IV or LN were
co-cultured with CF and gelatinase and collagenase activities were
measured in CM.
LN. In co-culture, the release of collagenase into the apical
medium was significantly reduced when compared to release from
the apical surface of PTE alone (Fig. 4A). The predicted basal
collagenase secretion based upon combining the values of basal
production by PTE on LN and CF on plastic is shown in Figure
4A. The actual (basal) activity obtained in co-culture experiments
was less than the predicted value (Fig. 4A). Apically, secretion of
gelatinase-A and gelatinase-B was reduced by co-culture (Fig. 4B,
lane 1 vs. lane 2). To analyze basal secretion, it is necessary to
compare lanes 3 and 4 against lane 5 (Fig. 4B). This indicates that,
in co-culture, the total measured basal secretion (that is, the
epithelial cell basal secretion plus the secretion from the fibro-
blasts; Fig. 4B, lane 5) is less than the expected cumulative
secretion (Fig. 4B; lanes 3 and 4).
COL-IV. Apical collagenase secretion by PTE was not affected
by co-culture (Fig. 5A) whereas the basal secretion in co-culture is
less than would have been predicted from the combined basal
production from PTE on COL-IV and CF cultured separately
(Fig. 5A). This basal reduction of MMP in co-culture was also
seen with gelatinase-A secretion (Fig. SB, lane 5 vs. lanes 3 and 4).
However, apical PTE secretion of gelatinase-A and -B was
stimulated by co-culture with CF (Fig. SB, lane 1 vs. lane 2), which
is in contrast to the response seen from cells cultured on LN.
Basal secretion of gelatinase-B was also stimulated (Fig. SB, lane
5) when compared with the two cell types cultured separately (Fig.
SB, lanes 3 and 4).
Discussion
In vivo, tubular epithelial cells rest on a basement membrane
which separates the epithelia from the underlying fibroblasts and
is essential for normal cellular function [7]. Qualitative and
quantitative changes in the BM occur in fibrotic diseases [271,
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suggesting that changes in the BM contribute to pathological
changes in the tubulointerstitium, at least in part, by altering
tubular cell function and affecting the normal interactions be-
tween different cell types. The present study therefore examined
the effects of basement membrane components on the behavior of
the tubular epithelial cells with respect to: (i) regulation of cell
proliferation; (ii) elaboration of MMPs; and, (iii) paracrine
regulation of interstitial fibroblast proliferation and MMP pro-
duction. Plating on COL-IV or LN, the two main components of
basement membrane, caused the epithelial cells to reach conflu-
ence more rapidly than culture on other substrates, and this was
associated with an increase in DNA synthesis. Culture on LN,
COL-IV, COL-I and FN stimulated gelatinase-A and -B and
collagenase production compared to culture on plastic. It is of
interest that PTE secrete MMPs both apically and basally, an
observation confirmed by recent reports [28, 29]. The fate and
effects of apically secreted MMPs have not been determined.
Protocols for the isolation of tubular epithelial cells from rat
cortex are well established [18], but methods for the successful
culture of rat interstitial fibroblasts have not been previously
reported. Using techniques similar to those described for obtain-
ing renal interstitial fibroblasts from rabbit [21], mouse [22] and
human cortex [23—25], this paper describes the isolation and
characterization of fibroblasts from collagenase-digested rat cor-
tex. By phase contrast microscopy, cells obtained were "fibroblas-
tic" in appearance when compared to the cobblestone epithelial
morphology. Immunocytochemical characterization showed that
these cells were positive for vimentin, a marker for mesenchymal
cells, but did not stain for cytokeratin, an epithelial cell marker,
again supporting a fibroblastic origin for these cells. Desmin, a
cytoskeletal component that is expressed by glomerular mesangial
cells in vitro [26], was not detectable in the interstitial cells, nor did
they form the characteristic mesangial "hills and valleys" in
confluent culture, indicating that these cells were not of mesangial
origin. Further, removal of glomeruli by sieving during the
preparation of the cells would also argue against mesangial cell
infiltration. The a-SMA positive interstitial cells in primary cul-
ture were found to be morphologically similar to the MFI-type
mitotic cells described in cortical fibroblasts from rabbit [21]. P2
cells (those used in experiments) contained a variety of cell
morphologies including both pre- and post-mitotic cells [21],
although the former predominated.
One of the most striking phenotypic characteristics of these
cells was their expression of a-SMA, one of six actin isoforms
identified in mammalian cells [30]. Recent evidence suggests that
the expression of a-SMA correlates with cellular activation (in-
cluding matrix remodeling), such as in vivo in healing wounds and
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Fig. 3. (A) The incorporation of 3H-TdR into cultured CF following stimulation with CM from PTE cultured on plastic, LNor COL-IV. Data are normalized
to control (CF incubated in T-medium alone) and expressed as a % of that control. CF were incubated in: T-medium alone (LII); in CM from PTE
cultured on plastic diluted 1:3 with T-medium (); in CM from PTE cultured on LN diluted 1:3 with T-medium (a); in CM from PTE cultured on
COL-IV diluted 1:3 with T-medium (LI). All data are means SEM from 5 experiments. *p < 0.05. (B) The incorporation of 3H-TdR into CF co-cultured
with PTF grown on membrane inserts coated with ECM proteins. Data are normalized to control (CF incubated in T-medium alone) and expressed
as a % of that control. CF were incubated: in T-medium alone (LI); co-cultured with PTE grown on membrane inserts coated with LN (); co-cultured
with PTE grown on membrane inserts coated with COL-IV (LII). All data are means SEM from 3 experiments. *p < 0.05.
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scar formation and in vitro in cultured fibroblasts [31—33]. Exam-
ination of sections of normal and pathological human and rabbit
renal tissue indicates that normal adult kidneys contain a popu-
lation of cortical interstitial cells that constitutively express
a-SMA, and that the proportion of cells expressing this protein
increase with cs-SMA positive cells accumulating at sites of
tubulointerstitial injury [30, 34]. In the present in vitro study it was
not possible to determine whether the cultured a-SMA cells
represent (i) a sub-population of normal fibroblast cells with a
selective in vitro advantage or (ii) cells activated by the culture
procedure. Interestingly, treatment of CF with classical growth
factors for mesenchymal cells did not alter cv-SMA expression in
CF (unpublished observations).
Much previous work on renal fibrosis has focused on the
increase in synthesis of ECM components such as the collagens
Fig. 4. (A) The levels of collagenase activity
produced by CF and PTE alone or in co-culture.
Data were standardised then expressed as %
increase over control. Collagenase from the
apical surface of PTE cultured: on LN ();
from the apical surface of PTE on LN co-
cultured with CF (s); from CF cultured in T-
medium alone (s); from the basal surface of
PTE cultured on LN (C); from the basal
surface of PTE on LN co-cultured with CF ().
The expected basal activity was calculated by
the addition of the values for CF cultured in
T-medium alone and for the basal surface of
PTE cultured on LN (C), and is provided for
comparison with the recorded values. All data
are means 5CM from 3 experiments. *p <
0.05.
[35] by tubulointerstitial cells. Matrix levels, however, are deter-
mined by the balance between production and degradation, and it
is not clear what role changes in degradation play in the accumu-
lation of ECM in renal fibrosis [36]. The major physiological
regulators of ECM degradation are the MMPs, and therefore to
begin to delineate the role and regulation of matrix turnover in
normal and pathological kidneys the current report focused on the
production and modulation of these enzymes by tubulointerstitial
cells.
The data indicate that both PTE and CF produced MMPs with
different patterns of expression in the two cell types. Cortical
fibroblasts produced the 72 kD gelatinase-A and collagenase,
while proximal tubular epithelial cells secreted 92 kD gelatinase-B
in addition to the two MMPs made by CF. Since both cell types
produce appropriate enzymes, it is possible that changes in the
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Fig. 4. (Continued) (B) Gelatin SDS-substrate
gel zymography to show the profile of
gelatinases secreted by PTE and CF alone or in
co-culture into serum-free medium. CM was
derived from the apical surface of PTE
cultured: on LN-coated membrane inserts (lane
1); from the apical surface of PTh on LN-
coated membrane inserts co-cultured with CF
(lane 2); from CF cultured on plastic tissue
culture plates (lane 3); from the basal surface
of PTE cultured on LN-coated membrane
inserts (lane 4); from the basal surface of PTE
on LN-coated membrane inserts co-cultured
with CF (lane 5). CM containing 1 rg of
protein was loaded per lane.
regulation of the MMPs, leading to decreased degradation of
ECM components, may contribute to the accumulation of tubular
BM and interstitial ECM seen in interstitial fibrosis. The patterns
of MMP expression by CF and PTE were consistent with those
seen in similar cell types from other organs and species [161, and
the pattern of gelatinases expression by CF was very similar to that
seen in human mesangial cells, with constitutive expression of the
72 kD gelatinase-A and inducible expression of the 92 kD
gelatinase-B activity [17].
It is clear that epithelial-fibroblast interactions are important in
many aspects of renal biology: development, normal tissue ho-
meostasis and fibrosis [5, 10, 371. Tubular epithelial cells have
been shown to produce a variety of growth factors and cytokines,
many of which have biological effects on fibroblastic cells and, in
studies from our laboratory, platelet-derived growth factor
(PDGF) [4] and endothelin-1 [38] have been implicated as
mediators of interactions between renal fibroblasts and epithelial
cells. Since it was demonstrated here that ECM had a profound
effect on PTE, the effects of epithelial cells exposed to different
matrix components on fibroblast behavior and function were also
investigated. Conditioned medium from PTE grown on plastic
had little or no effect on CF proliferation, a similar finding was
reported in co-cultures of rabbit cortical cells [4]. However, when
PTE were grown on COL-IV their conditioned medium was
highly mitogenic for CF. Co-culture of PTE on COL-IV with CF
stimulated fibroblast proliferation, and co-culture studies also
revealed a mitogenic effect of PTE-LN on the fibroblasts which
was not apparent when PTE-LN-CM was added to CF. This
suggests the possibility of reciprocal interactions between PTE
and CF requiring the presence of both cell types. It is interesting
to speculate upon the possible mechanisms underlying the
COL-IV effect. LN fragments are known to be able to stimulate
the proliferation of neuroepithelial cells [39], and it is possible
that the basal release of MMPs (see below) breaks down ECM
(both that secreted by the cells [201 and that provided artificially),
releasing proteolytic products, including COL-IV fragments, ca-
pable of stimulating the proliferation of the cortical fibroblasts in
the basal compartment. Recent evidence suggests a role for
COL-IV fragments in the proliferation of epithelial cells [40].
Proliferation of interstitial fibroblasts is only one component of
the fibrotic response and accumulation of matrix (BM and
interstitial ECM) may be the more significant pathological alter-
ation, and thus matrix metabolism was assessed by measurement
of MMP production by cells in co-culture. When PTE grown on
LN were co-cultured with CF an overall decrease in MMP
production was observed which, even in the absence of altered
matrix synthesis, would favor matrix accumulation. There were no
gross changes in either cellular or secreted protein levels in
co-cultured cells or in cells grown separately, suggesting that the
suppression of MMP activity represented a specific effect on these
proteins rather than non-specific cell injury. Culture of PTE on
COL-IV decreased basal production of gelatinase-A and collag-
enase but increased basal gelatinase-B as well as apical gelati-
nase-A and -B secretion. It is difficult to establish which cell type
is responsible for the increase in basal secretion, but gelatinase-B
is known to be highly inducible in fibroblastic cells [41]. Taken
together, these data suggest that the composition of the basement
membrane has profound effects on interactions between different
cell types. Qualitative and quantitative alterations in BM will
affect PTE function and in turn affect fibroblast behavior. Addi-
tionally, these data show that COL-IV had a more marked effect
on the paracrine stimulation of cortical fibroblast proliferation
than did LN, whereas LN had a greater impact on the inhibition
of MMP production in co-culture, suggesting differential effects of
the two basement membrane components.
In considering the in vivo significance of these in vitro data, it is
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Fig. 5. (A) The levels of collagenase activity
produced by CF and PTE alone or in co-culture.
Data were standardized then expressed as %
increase over control. Collagenase from the
apical surface of PTE cultured on COL-IV ();
from the apical surface of PTE on COL-IV co-
cultured with CF (); from CF cultured in T-
medium alone (a); from the basal surface of
PTE cultured on COL-IV (s); from the basal
surface of PTE on COL-TV co-cultured with CF(). The expected basal activity was calculated
by the addition of the values for CF cultured in
T-medium alone and for the basal surface of
PTE cultured on COL-IV (L), and is provided
for comparison with the recorded values. All
data are means SEM from 3 experiments. p
< 0.05.
important to evaluate the relevance of the model employed. It can
be argued that exposure of PTE to individual components of BM
does not represent the normal situation, but rather is analogous to
the situation where epithelial cells are associated with an abnor-
mal basement membrane containing increased amounts of differ-
ent matrix proteins [27]. In addition, fibroblasts in the interstitium
are believed to be quiescent in vivo but are proliferative in fibrosis
[23—25]. The proliferative capacity of CF in vitro therefore implies
an activated (injured) phenotype. Furthermore, all CF in culture
were es-SMA positive and although a proportion of cells in normal
kidneys in vivo show this phenotype, an increase in expression of
this protein is associated with interstitial cells in fibrosis [30, 34].
Taken together these data suggest that this in vitro model may
resemble a pathological, fibrotic situation. When the PTE and CF
were co-cultured fibroblast proliferation was stimulated and over-
all MMP production was generally inhibited (implying an in-
creased deposition of ECM). Both of these changes are consistent
with those observed in fibrosis. The effect of MMPs on matrix
deposition can also be modulated by the expression of their
inhibitors, the TIMPs, and preliminary data indicates that treat-
ment of PTE grown on COL-IV with medium conditioned by CF
induces an increase in TIMP-1 expression by PTE (unpublished
observations). This could account for the overall decrease in
MMP activity and may be sufficient to counteract the increase in
basal gelatin ase-B seen in co-culture of PTE on COL-IV and CF.
The functional significance of the increase in apical gelatinase-A
and -B seen in PTE on COL-IV is enigmatic, but apical secretion
would not be expected to impinge on ECM accumulation in the
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tubule may provide at least a partial explanation as to why
diseases that target the BM, such as anti-TBM antibodies, are also
associated with interstitial fibrosis.
It is anticipated that this co-culture system will provide a useful
model in which to study interventions relevant to renal tubuloin-
terstitial fibrosis and to elucidate the mechanisms underlying
changes in ECM synthesis and degradation. Future studies are
being directed towards identiflying the cytokines and growth
factors involved in this regulation.
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